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EXECUTIVE SUMMARY 

This report was prepared by the Center for Reliable Energy Systems (CRES) for the DOT/PRCI 

co-sponsored project DTPH56-08-T-000005, “Development of Optimized Welding Solutions for 

X100 Line Pipe Steels.”  

 

As part of the project in Tasks 2, “Identification of Essential Variables”, and Task 3, 

“Fundamental Understanding of Welding Processes and Essential Variables”, an integrated 

thermal and microstructure model has been developed to simulate the heat transfer and 

microstructure changes in gas-metal-arc-welding (GMAW) girth welds. This report summarized 

the microstructure simulation results produced by this integrated numerical model.    

 

The numerical model employed a two-dimensional, axis-symmetrical finite element procedure to 

simulate the transient heat transfer process and the microstructure evolution both in the weld 

metal and the heat-affected-zone (HAZ).  It not only covered the traditional single wire GMAW 

process, but also has the capabilities to analyze new GMAW processes such as tandem wire and 

dual torch.  

 

Developed and implemented together with the thermal model, the microstructure model was first 

validated against the experimental measurements of hardness by Mark Hudson
[
1

]
. A detailed 

comparison between the microstructure predictions of the model with a set of HAZ 

microstructure Gleeble test data was conducted. Furthermore, the model predictions of hardness 

were compared to the hardness measurements of the girth welds and experimental plate welds. 

Together with the thermal model, the microstructure model was used in the virtual experiments 

to identify essential welding variables.   

 

The comparison between the experimental results and the numerical results proved that the 

microstructure model was capable of predicting the trend of hardness variation as a function of 

welding procedure, welding parameters, and chemical compositions of pipe materials and the 

weld metal.  In developing the microstructure model, it was realized that with better and 

quantitative understanding of the mechanisms of microstructure responses to reheating welding 

cycles with different peak temperatures, in particular by those of inter-critical and sub-critical 

regions, the accuracy of hardness predictions by the microstructure for weld metal and HAZ 

could be greatly improved. 
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1 Introduction 
 

1.1 Background 

 

Welding of micro-alloyed, high strength steels such as X100 poses a number of challenges 

due to, in part, the sensitivity of weld mechanical properties to the welding parameters such 

as heat input, preheat temperature, etc.  For design purpose, it is often required that the 

mechanical properties of the welds overmatch those of the pipe materials in terms of yield 

strength, ductility, and toughness.  In general, high strength pipe steels exhibit lower strain 

hardening capability, lower ductility, and increased anisotropy than the traditional lower 

grade steels.  For these steels, when exposed to welding process, the heat-affected zone 

(HAZ) in the base metal can be softened and strain localization can take place.  For weld 

metal, it is even more difficult to maintain a balance of ductility and fracture toughness at 

high strength because the weld metal performance is highly sensitive to welding parameters 

in comparison with lower strength steels.  

 

Gas metal arc welding (GMAW) processes have become the popular choices for pipeline 

construction.  In recent years, a number of high-productivity variants of GMAW such as 

tandem wire and dual torch have been employed for field welding in order to increase 

welding productivity.  These new GMAW variants introduce more welding variables and 

further complicate the relationship between weld mechanical properties and welding 

conditions.  

 

In principle, the mechanical properties of both weld metal and its HAZ are determined by 

their final microstructure after a series of phase transformations under the welding thermal 

cycles.  The kinetics of the phase transformations, the final constituents and grain structure of 

the microstructure depend on the chemical compositions of both pipe materials and the 

welding consumables and the thermal cycles they are subjected to.  In the case of X100 

welding, the combination of new alloying design of welding consumables and high-

productivity GMAW variants presents a new challenge in understanding the dependency of 

weld performance on welding procedures, parameters, and materials. 

 

To date, the welding research related to X100 line pipe steel has been sponsored by a few 

major pipeline companies in collaboration with pipe manufacturers, Pipeline Research 

Council International (PRCI), universities, and government agencies from around the world.  

Some of this early research was conducted at Cranfield University, Edison Welding Institute 

(EWI), The Welding Institute (TWI), and CANMET. In particular, a comprehensive 

investigation was performed by Hudson
[1]

.  

 

In order to understand the relationship between the mechanical properties of the weldment 

and the welding conditions, an effective approach is to simulate the thermal and 

microstructure processes in GMAW processes.  By predicting the thermal cycles and the 

phase transformations, the microstructure of both weld metal and its HAZ can be determined 

numerically.  With the assistance of experimental measurements, it is possible to identify the 

welding essential variables and evaluate their influences on the final weld performance.  For 

this reason, an integrated thermal-microstructure model was developed in the project.  The 
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in-depth discussion of the thermal model was presented in a separate technical report
[2]

.  This 

report will cover the microstructure model only. 

 

1.2 Microstructure Simulation of GMAW 

 

Over the past decades, there have been numerous research efforts to investigate the 

relationship between welding conditions and the final mechanical properties of the weld.  A 

number of empirical relations have been formulated for correlation of weld HAZ hardness, 

chemical compositions, and cooling rates 
[3,4,5]

.  Microstructure models that are capable of 

simulating phase transformation and determining hardness in metals given their chemical 

compositions and the thermal cycles have also been developed.  The early works by Kirkaldy 

and Venugopalan 
[6]

 showed that phase transformation in metals with relatively low alloying 

elements can be modeled with a rate-based kinetics algorithm.  This general kinetics 

algorithm was later modified and extended to cover wider alloying ranges 
[7]

 and other phase 

transformation processes during welding under continuous cooling conditions.  Watt et al., 

for example, developed a numerical algorithm based on Kirkaldy’s model for the 

microstructure development in HAZ 
[8]

.  In an effort to predict microstructure and hardness in 

HAZ with multi-thermal-cycle, Oddy et al. combined the Kirkaldy algorithm with proposed 

mechanisms for carbon segregation, re-austenization 
[9]

, and tempering effects 
[10]

.  Borjesson 

and Lindgren
[11]

 used the Kirkaldy algorithm to predict the microstructure of multi-pass 

welds not only for HAZ but also for weld metal.  Bhadeshia developed theoretical and 

numerical approaches toward microstructures of weld metal from a number of perspectives 
[12]

.   The latest industrial research work on microstructure and hardness prediction for multi-

pass girth weld was by Nunzio et al. 
[13]

, where an analytical approach based on phase 

transformation kinetics and an artificial neural network approach based on selected database 

of continuous cooling (CCT) diagrams were developed. Early works by the present authors 

focused on the predictions of microstructure and hardness in weld HAZ 
[14]

.  

 

Microstructure modeling of welding processes has been a diverse research area because of 

the variety of welding processes and materials involved.  In general, the weld metal and its 

HAZ are treated differently due to their marked differences in chemical compositions, grain 

structures, and, to certain extent, phase transformations.  For the modeling and simulation of 

HAZ, there were many microstructure models, analyses, and correlations such as Kirkaldy
[6]

, 

Yurioka’s 
[3]

 and others
[15,16]

. These models were based on either a metallurgy-based phase 

transformation kinetics theory or an engineering correlation approach.  From these models, a 

measureable mechanical property, mostly the hardness value, can be predicted. For the weld 

metal, on the other hand, the modeling efforts, such as those by Bhadeshia
[12]

, have been 

focused on the understanding of phase transformation in welds and other unique features 

associated with welding processes such as effects of non-metallic inclusions. There are a very 

limited number of models where weld metal hardness was evaluated in a consistent 

framework.  Consequently, some of the weld metal models utilized the microstructure 

algorithm by Kirkaldy to calculate the hardness values for weld metal.  As one of the outputs 

of these microstructure models, hardness was chosen due to two primary reasons: 1) it is a 

measurable mechanical property for steels and 2) for steels; it has constantly demonstrated 

excellent correlation with tensile strength.  
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1.3 Objectives and Work Plan 

 

1.3.1 Objectives 

 

As a part of the project, an analysis tool was needed to predict the thermal cycles and 

microstructures of the weld metal and HAZ regions.  For this purpose, an integrated thermal-

microstructure finite element model was developed.  With the background and the current 

status of microstructure modeling for welding processes, the microstructure model was 

developed to predict the constituents and overall hardness values in HAZ and weld metal.  

Together with the thermal model, the microstructure model served multiple purposes during 

the overall execution of the project: 

1) Help understand the effects of welding parameters, including those related to multi-

wire P-GMAW processes; 

2) Help identify the essential variables of X100 welding process through virtual 

experiments; 

3) Help welding procedure design, perform results predictions, and evaluate welding 

results. 

 

During its development, the microstructure model was embedded in the thermal model.  It 

shares much of the application scope of the thermal model.  Like the thermal model, the 

microstructure model was developed in different formats, verified against a number of 

measurement data sets, and finally became part of a stand-alone software analysis tool.  

 

1.4 Work Plan 

 

In developing the microstructure model, a number of steps were taken to establish the 

simulation procedure, calibrate and verify the model, and perform virtual experiments and 

welding result predictions.  These steps include: 

1) Development and verification of the microstructure model with ABAQUS, a 

commercial finite element package; 

2) Implementation of the microstructure model in a stand-alone analysis software tool; 

3) Calibration and verification of the microstructure model with HAZ Gleeble 

simulation data; 

4) Calibration and verification of the microstructure model with weld metal Gleeble 

simulation data; 

5) Virtual experiments and identifications of essential variables; 

6) Simulation and prediction of plate welding results. 

 

Overall the microstructure model was developed and implemented together with the thermal 

model; the thermal model took precedence in overall model structure design and 

implementation.  Consequently, the microstructure model followed the thermal model in 

work flow as described in the topical report for the thermal model, Report 278-T-07
[2]

.   
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2 Technical Approach and Implementation of Microstructure Model 
 

In this section, the technical approach for the development of the microstructure model is 

first presented.  As stated in the previous section, the development and verification of this 

model was carried out with commercial finite element package ABAQUS, using the hardness 

measurement data from Hudson 
[
1

]
 for its verification.  

 

After the development and verification against existing measurement data, the microstructure 

model was implemented in a stand-alone software tool.  Since the microstructure model was 

implemented with the thermal model together, it went through the same steps as the thermal 

model did.  The details of the implementation, its structure, components, and usage are 

described in the final report for the thermal model
[2]

. 

 

2.1 Technical Approach for Microstructure Model 

 

2.1.1 An Overview 

 

As stated in Section 1, in an ideal microstructure model for welding process, the weld metal 

and its HAZ need to be treated differently. However, because of the lack of established 

microstructure models for weld metal with the capability of predicting overall hardness, the 

grain growth component of HAZ microstructure model was slightly modified and applied to 

the weld metal.  A second approach was later developed in order to improve the accuracy of 

hardness prediction for the weld metal.   

 

In the sections below, the microstructure models and their implementations for HAZ and 

weld metal are described.  

 

2.1.2 Microstructure Model for HAZ 

 

Overall, the model takes a thermal cycle, i.e., temperature as a function of time, and the 

chemical composition of the material as inputs. The model then simulates the austenization, 

grain growth, and austenite decomposition as heating and cooling take place. At the end of 

the simulation, the final phase volume fractions and the hardness are determined. Three parts 

are included in the model: a thermodynamics part that calculates the phase transformation 

parameters, a grain growth part that determines the prior-austenite grain size, and the third 

part that simulates the austenite decomposition process. Emphasis is given to the grain 

growth model in this report since other parts of the model were well-documented in the 

references, for example, by Watt et al 
[8]

. 

 

Thermodynamics Calculation 

In preparation for the calculation of grain growth and the ensuing austenite decomposition 

during cooling, a few important critical temperatures for phase transformation are needed. 

These include the Ae3 temperature, the eutectoid temperature, Ae1, the bainite start 

temperature, BS, the martensite start temperature, MS, and the precipitate dissolution 

temperature. To calculate the first two temperatures, Li’s
[7]

 approach is followed in the 

present approach to determine the equilibrium phase boundary. BS and MS are determined 
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using the Kirkaldy and Venugopalan empirical equations
[6]

. The precipitate dissolution 

temperature is obtained with the Ashby/Easterling relation
[17]

. These equations were 

documented in the references in details and are not presented here again. 

 

Grain Growth 

Following the original Ashby and Easterling grain growth model 
[17]

, a few similar forms 

have been proposed.  In general, all of them can be presented as the following: 

 
  

  
 

 

     
       

 

where g is the grain size, Q the activation energy for grain growth, T the temperature in 

Kelvin, k and m both empirical constants.  While the grain growth calculation is very 

sensitive to the selections of Q, k, and m, no unique values for them have been agreed upon 

so far.  Both Ashby et al
[17] 

and Watt et al
.[8]

, for example, used the value of m =2; Ikawa et 

al.
[18]

 reported that m=3 was better to explain their measurements; Miranda and Fortes 
[19] 

however, recommended the value of m=3.17 in their grain growth calculation for 2.25Cr-

1Mo steel.  In the current model, the value of m was evaluated according to the correlation 

approach by Chen and Wang 
[14]

. 

 

Austenite Decomposition 

The original empirical equations developed by Kirkaldy and Venugopalan describe the 

reaction rates at which the austenite decomposes into its child products such as ferrite, 

pearlite, and bainite.  For each reaction, the rate equation is characterized as: 

 
  

  
                

 

where X is the volume fraction of the child product, B an effective rate coefficient, G the 

austenite grain size, and p and q semi-empirical coefficients. We followed the approach by 

Watt to implement the numerical algorithm based on the reaction rate equations by Kirkaldy 

and Venugopalan.  The simulation starts with the heating first.  As the temperature rises 

above the eutectoid temperature Ae1, austenitization starts; when the precipitate dissolution 

temperature is reached, the grain growth begins according to the above equation.  Upon 

cooling, the grain growth continues until austenite decomposition takes place.  Depending on 

the temperature, ferrite, pearlite, bainite, and martensite are formed at different stages.  At the 

end of the simulation, the final volume fractions of each phase are determined.  In order to 

calculate the hardness, the rule of mixtures is used.  The component relationships for 

martensite hardness HM, bainite hardness, HB, and hardness for ferrite/pearlite, HFB, used in 

this rule of mixtures are as the following
[8]

:  
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where Vr is the cooling rate at 700°C and log is the logarithm to base 10. The final total 

hardness is the averaged hardness weighted by each component’s volume fraction. 

 

2.1.3 Microstructure Model for Weld Metal 

 

The microstructure model for the weld metal followed the same formulation as described in 

the previous section except for the grain growth model.  The modification to the grain growth 

in weld metal is necessary because it goes through a solidification process and develops a 

unique columnar austenite grain structure as it cools down.  The averaged prior austenite 

grain size in the weld metal, immediately after the solidification, is related to the chemical 

composition of the weld and the heat input of the welding pass according to Bhadeshia:  

 

                                     
 

where g is the averaged grain size in μm, and HI is the welding heat input in kJ/mm. 

 

An alternative approach for the weld metal was later implemented by correlating the 

hardness of the weld metal with its chemical composition and the cooling times T85 or T84. 

The purpose of using this alternative approach was to improve the accuracy of hardness 

prediction by the microstructure model for the weld metal.   A detailed discussion on this 

alternative approach will be presented later. 

 

2.2 Numerical Implementation of Microstructure Model 

 

The microstructure model described in the previous section was developed first using a 

commercial finite element package ABAQUS.  After its successful development and 

verification against existing measurement data, it (together with the thermal model) was 

implemented in a stand-alone software tool.  

 

In its ABAQUS implementation, two of the three components in the microstructure model, 

grain growth and austenite decomposition, were coded in an ABAQUS user subroutine.  The 

volume fractions of constituents and hardness distribution were defined as nodal state 

variables in the subroutine in the finite element mesh. 

 

In the stand-alone software analysis tool, the microstructure model was implemented in two 

components. The first component was for the thermodynamics calculation of phase 

transformation temperatures and kinetics reaction rates for austenite decomposition, and it 

was coded as a separate dynamically-linked library (DLL).  The second component included 

the other two parts of the microstructure model, the grain growth and the austenite 

decomposition, and they were coded within the framework of the thermal model. 

  

3 Verification and Applications of Microstructure Model 
 

The previous sections have described the technical approach for the microstructure model for 

a multi-pass, multi-wire GMAW girth welds.  Together with the thermal model, the 
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microstructure model was implemented in two different formats.  The first one was through 

the use of commercial finite element package ABAQUS.   After the verification of the 

procedure with ABAQUS was complete and the procedure proved to be effective, the model 

was implemented in a stand-alone analysis software tool.  

 

In the process of development and implementations of the microstructure model, a number of 

sets of experimental data were used to calibrate and verify the procedure.  The major data 

sets include:  

1) The hardness measurement data by Hudson
[
1

]
;  

2) The HAZ Gleeble simulation results; and 

3) Experimental plate welds and X100 pipe girth welds.  

 

These calibrations and verifications were performed to establish the microstructure model as 

a prediction tool for the microstructure and hardness evaluation of a girth weld.  

 

In addition to its verification, the microstructure model was used to perform the virtual 

experiment in the effort to identify and quantify the welding essential variables. 

 

In developing the alternative approach to weld metal hardness modeling, the weld metal 

Gleeble simulation results were used, and weld metal hardness measurements by others
[
1

]
 

were collected to correlate the hardness with the composition and cooling times of the weld 

metal.  

 

In the following subsections, the verifications of the microstructure model and its 

applications are presented.  

 

3.1 Verification of Microstructure with Hudson’s Hardness Data 

 

The microstructure model described in Section 2.1 was implemented first with finite element 

software ABAQUS. This subsection presents the predicted hardness results and some of their 

comparisons with the measurements by Hudson 
[
1

]
.   

 

The experimental measurements by Hudson had two series of data: (1) preheat variation 

trials and (2) process variation trials as they were called in the original work.  The first series 

included girth welds made under different pre-heat temperatures.  The second series included 

girth welds made with different P-GMAW variants, namely, single wire, tandem wire, and 

dual torch processes.  For both trials, the external welding passes were made with 1.0mm 

Oerlikon Carbolfil NiMo-1 (0.9Ni 0.3Mo) consumable.  The representative chemical 

composition of the weld metal is list in Table 1.  Detailed information of the welding 

conditions for these girth welds can be found in Reference 1. 

 
Table 1: Representative chemical composition of weld metal for pre-heat and process variation trials

[1]
. 

 
 

  

Element C Mn P Si Cr Ni Mo Cu Al V Nb Ti

Weight % 0.080 1.640 0.008 0.650 0.070 0.850 0.320 0.140 0.005 0.013 0.008 0.050
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Simulation Results for Preheat Variation Trials 

This set of data was obtained using single wire P-GMAW process with an internal root pass, 

one hot pass, and five fill passes.  The pipes were X100 grade with a diameter of 752 mm (30 

inches) and a wall thickness of 19.05 mm (0.75 inches).  For these welding experiments three 

preheat temperatures were used: room temperature (27
o
C), 100ºC, and 180ºC.  The pipes 

were preheated to the respective temperatures before the welding of each pass.  The chemical 

composition for the X100 pipe is listed in Table 2.   

 
Table 2:  Chemical composition of X100 pipe for pre-heat variation trials[1]. 

 
 

The through-thickness distributions of hardness along the center line of the girth weld are 

plotted in Figure 1.  In general, both the prediction and the measurements show the expected 

trend, i.e., higher preheat temperature leads to softer weld.  The overall distribution of the 

computed hardness distribution agrees with that of the experimental measurements. From the 

plots, it is demonstrated that the microstructure model was able to capture the trend of 

hardness variation as a function of welding parameters.  To further illustrate the influence of 

the preheat temperature on the hardness of both weld metal and the HAZ, hardness contour 

plots for the three preheat temperatures are shown in Figure 2.  These contours not only show 

that the overall predicted hardness decreases, they also reveal that the HAZ softening 

becomes more and more pronounced as the preheat temperature is increased.  This 

phenomenon may have a significant implication for welding of X100 steel pipe.  If the heat 

input is too low, high hardness may exist in both weld metal and HAZ regions and this could 

lead to potential problems.  On the other hand, if the heat input or the preheat temperature is 

too high HAZ softening may also occur and potentially compromise the strength in the 

vicinity of a pipeline girth weld. 

 

 
Figure 1:  Measured and computed hardness distributions along the weld 

centerline for different preheat temperatures. 

 

Element C Mn P Si Cr Ni Mo Cu Al V Nb Ti

Weight % 0.027 1.980 0.006 0.200 0.420 0.480 0.430 0.460 0.006 0.070 0.050 0.050
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Figure 2:  Hardness contours for different preheat temperatures. Top left: 

no preheat; top right: 100oC preheat; bottom left: 180oC preheat 

 

Simulation Results for Process Variation Trials 

This part of verification of the microstructure model focused on three different P-GMAW 

process variants, namely, single torch, tandem and dual torch.  For these experiments the 

X100 grade pipes had a diameter of 914.4 mm (36 inches) and a wall thickness of 19.05 mm 

(0.75 inches).  All three procedures used the same weld joint geometry design and the same 

preheat/inter-pass temperature of 100ºC.  The tandem wire consists of a single torch with two 

electrodes, arranged close together and feeding into the same weld pool (3.4 mm in this case 

according to Hudson).  The dual torch process used two torches; each with a single wire that 

were fixed 80 mm apart (wire spacing).  The chemical composition of the X100 pipe is listed 

in Table 3. 

 
Table 3:  Chemical composition of X100 pipe for process variation trials

[1]
 

 
 

Figure 3 plots the through-thickness distribution of the hardness at the girth weld centerline.  

The single wire process and the tandem wire process display very similar hardness profiles 

and values, both from the measurements and the predictions.  The dual torch process, 

however, produced a much softer weld and HAZ, as indicated by both measurements and 

predictions.  Again, the microstructure model was able to capture the trend of hardness 

variations under different welding processes. The exact hardness values by the prediction can 

be quite different from those of measured, as in the case of dual torch weld.  Detailed 

examination of the prediction results indicated that under slow cooling conditions such as in 

dual torch welding, the reaction rates of ferrite can be overestimated if the initial grain size is 

small (5-10μm) and the grain growth is not significant.  As a result, excessive amount of 

 

Element C Mn P Si Cr Ni Mo Cu Al V Nb Ti

Weight % 0.066 1.910 0.008 0.100 0.020 0.540 0.270 0.300 0.020 0.006 0.030 0.013
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local ferrite volume fraction and low hardness are predicted.  Figure 4 shows the hardness 

contours for all the three processes.   The dual torch process not only produced a much softer 

weld, its softened HAZ region is also much wider.  This significant decrease in hardness for 

the dual torch process is due to the increase of so-called effective heat input.  As documented 

in the experiment data, the heat input for each of the torches in the dual torch process variant 

was similar to that of the single wire process.  Because the two torches were separated by a 

short distance (relative small delay time), the effective heat input was increased.  The 

consequence for the weld metal when the trailing torch arrives is that the residual 

temperature field resulting from the leading torch is still quite high. This acts as a very high 

“distributed” preheat, and the residual temperature field leading to a very slow cooling time 

for the trailing torch.  As a result, the hardness in both the weld metal and the HAZ are much 

lower.  

 
Figure 3: Transverse distributions of hardness along the centerline of girth weld for single wire, 

tandem wire, and dual torch processes. 

 
Figure 4:  Hardness contours for different processes. Top left: single wire; top right: tandem wire; 

bottom left: dual torch. 
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3.2 Verification of Microstructure Model with HAZ Gleeble Simulation Data 

 

In order to calibrate the microstructure model for its effectiveness in simulating the phase 

transformation in the HAZ, a set of Gleeble simulation tests were performed on one of the 

vintage X100 pipe steels at CANMET.  For proprietary reasons, the chemical composition of 

this vintage X100 steel was not given.  The Gleeble simulations were performed with six 

cooling times, T85=1.2, 3.0, 5.0, 10.0, 16.0, and 25.0 seconds, respectively.  A typical 

simulation thermal cycle for T85=1.2 s is demonstrated in  

 
Figure 5:  Gleeble simulation thermal cycle with T85=1.2s 

 

In verifying the HAZ microstructure model against the Gleeble data, an independent module 

that only contains the HAZ microstructure model was produced from the integrated thermal-

microstructure model codes. This independent module was able to read the measured thermal 

cycle data from the HAZ Gleeble test and perform the single-cycled microstructure 

simulation.  
 

Table 4:  Comparison of microstructure properties between HAZ Gleeble test and predictions by 

HAZ microstructure model (VF: volume fraction) 
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Table 4 lists the estimated and predicted final volume fractions of bainite and martensite and 

the Vickers hardness for the six Gleeble test cases.  Also listed are the estimated prior-

austenite grain sizes based on visual examination of the micrographs of the test samples.  

One observation from the table is that even though the prior-austenite grain size and the 

volume fractions of constituents from the Gleeble simulation results were estimated, the 

microstructure model was able to use the approximate information to predict the right trend 

of the hardness as a function of cooling time T85.  The over-prediction of martensite volume 

fraction may be attributed to the over-estimated grain growth.  As pointed out earlier, in the 

microstructure model, large prior-austenite grain size reduces the production of ferrite and 

leads to more martensite in the final microstructure.    

 

3.3 Verification of Microstructure Model with Plate Welds and Girth Welds 

 

In further verifying the microstructure model, one plate weld made with a prototype welding 

consumable and one X100 pipe girth weld made under practical welding conditions were 

selected. The plate was obtained by flattening the pipe.  The X100 pipe has an outside 

diameter of 36 in. and a wall thickness of 0.75 in. The detailed welding conditions for these 

two welds can be found in the final report for the thermal model
[2]

. 

 

3.3.1 Plate Weld 

 

The plate experimental weld was made with a prototype consumable named PT1 with no pre-

heat or inter-pass heating.  The welding parameters for the weld and the chemical 

composition for consumable PT1 are listed in Table 5  and Table 6 respectively. 

 
Table 5: Averaged welding parameters for plate weld 

 
 

Table 6:  Chemical composition of consumable PT1 

 
 

From the welding parameters of Table 5, a unique feature of this experimental plate weld was 

that the weld was made with a low heat-input hot pass, followed with three moderate heat-

input passes, and its final pass (deep fill) had a heat input three times as high as the three 

previous passes.  The wide spread of heat inputs of the welding passes within a weld 

provided a benchmark to test the robustness for the integrated thermal-microstructure model.  

 

Figure 6 shows the calculated hardness distribution for the plate weld.  It demonstrates the 

wide HAZ softening region produced by the deep fill. It also captures the hardness bands due 

to reheating in the early fill pass region by subsequent weld passes.  But its predicted values 

Pass Voltage (V) Current (A)
Travel Speed 

(mm/min)

Heat Input 

(kJ/mm) 

Hot Pass 25 188 1346.2 0.2

Fill Pass 1 24 185 508 0.5

Fill Pass 2 24 206 508 0.6

Fill Pass 3 23 194 508 0.5

Deep Fill 23 249 228.6 1.5

Element C Mn Si Ni Cr Mo Ti

wt% 0.08 1.5 0.5 1.6 0.3 0.5 0.04
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of hardness in the deep fill region is questionable since much lower hardness values should 

be expected considering the relatively high heat input associated with the deep fill pass.  This 

discrepancy between the predicted hardness values and the actual hardness in the weld is 

confirmed in Figure 7.  While the model correctly captures the hardness variation profile 

along the weld centerline, the predicted hardness values in the deep fill region are much 

higher than the measured ones.  Considering that the deep fill pass is the last pass and its 

weld metal does not experience any reheating, the overestimated hardness by the model may 

be due to its inaccuracy of phase transformation kinetics. 

 

 

Figure 6:  Predicted hardness distribution for plate weld. 

 

 
Figure 7:   Measured and predicted hardness profiles along weld centerline for plate weld. 

3.3.2 Pipe Girth Weld 

 

The pipe girth weld was made during the first round welding with a single torch P-GMAW 

process.  The chemical compositions of the pipe and the weld metal are listed in Table 7.  

The welding parameters are listed in Table 8.   
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Table 7:  Chemical compositions of X100 pipe and weld metal. 

 
 

Table 8:  Averaged welding parameters for the girth weld. 

 
 

The measured micro-hardness map and the predicted hardness distribution are plotted in 

Figure 8.  Again, the model was able to capture the bands of hardness produced by the 

reheating of subsequent weld passes, though the absolute values of the predicted hardness are 

higher in general than the measured values.  The comparison between the predicted and 

measured hardness distributions suggests that in a real situation, the hardness of early passes 

of the weld would decrease after the reheating by the later passes.  The amount of this 

decrease in hardness depends on the temperature profile of the reheating, in particular, the 

peak temperature and the cooling rate. With different peak temperatures, the reheating 

thermal cycles can cause microstructure changes in the regions where full re-austenitization 

(supercritical reheating), intercritical reheating, or subcritical reheating occurs.  Based on this 

rationale, it is concluded that improvements of the microstructure model in the areas of re-

austenitization, intercritical phase transformation, and tempering would certainly increase the 

prediction accuracy. 

 

 
Figure 8: Measured micro-hardness (left) vs. predicted hardness distribution (right) in a girth weld. 

  

Element C Mn Si Ti Cr Mo Ni P Al Cu V B Nb W

Weld Metal 0.097 1.390 0.580 0.038 0.050 0.350 0.960 0.013 0.005 0.134 0.003 0.000 0.003 0.027

X100 Pipe 0.068 1.860 0.110 0.009 0.030 0.270 0.530 0.006 0.042 0.310 0.002 0.000 0.029 0.015

Pass No.
Welding 

Current (A)

Welding 

Voltage (V)

Wire Feed 

Speed (m/min)

Travel Speed 

(mm/min)

Heat Input 

(kJ/mm)

Hot Pass 199.3 20.6 10.6 1342.0 0.18

Fill Pass 1 199.6 22.0 10.6 505.7 0.52

Fill Pass 2 198.8 22.5 10.6 505.6 0.53

Fill Pass 3 198.7 22.4 10.6 505.7 0.53

Fill Pass 4 198.4 22.5 10.6 505.8 0.53

Fill Pass 5 198.4 22.5 10.6 455.4 0.59

Cap Pass 147.6 23.5 8.2 445.2 0.47
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3.4 Virtual Experiments and Identification of Essential Variables 

 

The essential part of the project research work was a complete assessment of essential 

variables and improved understanding of the factors influencing properties of high strength 

steel pipeline girth welds and their performance.   

 

After the integrated thermal-microstructure model went through three rounds of calibrations 

and verifications against the measured thermal cycles and hardness data, it proved to be 

accurate in predicting thermal cycles for multi-pass, multi-wire GMAW and reasonably 

accurate in predicting the trend of hardness.   Consequently, the thermal model was used as 

the primary tool to conduct a virtual experiment to identify the welding essential variables. 

Details of the design, execution, and thermal and microstructure simulation results of the 

virtual experiment were presented in the topical report for the thermal model. 

 

The test matrix of the virtual experiment was designed and expanded by changing some of 

the welding parameters while keeping others the same. These welding parameters are: 

1) Bevel offset 

2) Pre-heat/inter-pass temperature 

3) Torch configuration 

4) Welding procedure 

5) Electrode type 

 

The bevel offset values included 2.3 mm (0.09 inches) and 2.8 mm (0.11 inches). Three 

levels of pre-heat and interpass temperatures were considered: 27
o
C, 100

o
C, and 180

o
C.  The 

torch configuration included single and dual torches.  Three electrode types were considered 

in the experiments: a NiMo type, Prototype 1, and Prototype 2.  The term “welding 

procedure” here was defined by the welding sequence and its associated heat inputs for each 

pass and its dependency on the other welding parameters.  In total forty cases were included 

in the test matrix.   

 

After the test matrix was finalized, forty input files, one for each experiment case, were 

compiled according to the welding conditions. The simulations of the forty cases were then 

executed on a 32-bit Microsoft Windows personal computer.  For each pass, two key pieces 

of information from the outputs were selected to represent the overall properties of the 

welding process and the weld.  The first one is the cooling times T85 and T84 of the thermal 

cycle at the HAZ of fill pass 1; the second overall properties are the hardness profile along 

the weld centerline and the hardness profile across the weld at the middle plane of the pipe.  

 

The microstructure data from the virtual experiment were used directly in the sensitivity 

study to identify the welding essential variables. The summary of the microstructure data and 

how they were used in the process were covered in a different topical report of the project, 

Report 278-T-07. 
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4 Concluding Remarks 
 

For the welding of X100 linepipe steels, the identification of essential variables is critical to 

establish a viable range of welding conditions so that the required mechanical properties of 

the weld can be met.  In addition to the conventional essential variables such as heat input, 

pre-heat and inter-pass temperatures, electrode consumable, and shielding gas, etc., the multi-

wire GMAW variants added more welding variables and some of them may emerge as 

essential variables.   

 

In the effort of identifying these essential variables, an integrated thermal-microstructure 

model has been developed and verified against a large amount of measured thermal cycle and 

microstructure data.  This model was also implemented through finite element method as a 

stand-alone analysis software tool. 

 

4.1 Thermal-Microstructure Modeling of Multi-Pass, Multi-Wire P-GMAW Process 

 

The thermal-microstructure model was developed and verified against a number of 

experimental data sets, including the data by Hudson, the measurement data from the first 

round welds, and the measurement data from the second round welds, the HAZ Gleeble 

simulation results.  The model can simulate not only the traditional single-wire GMAW 

process but also the multi-wire GMAW variants.  For the microstructure model, it proved 

that it can predict the trend of hardness in GMAW girth weld as a function of welding 

parameters although its accuracy needs improvement. 

 

After its calibrations and verifications, the thermal-microstructure model was used in the 

effort of identifying essential variables.  It served as the primary analysis tool in performing 

the virtual experiments. 

 

4.2 The Integrated Thermal-Microstructure Analysis Tool  

 

Because the thermal-microstructure model was implemented as a stand-alone software tool, it 

offers several advantages compared to using a commercial finite element package: 

1) It automated a complicated modeling procedure, including the integration between 

the thermal model and the microstructure model. 

2) As the direct results of procedure automation, the analysis tool is highly efficient and 

not error-prone at all compared to a manual process of model development; 

3) Because it is written in generic finite element method, new features can be readily 

incorporated and implemented in the procedure.  
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